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Abstract: 
Phase change materials (PCMs) are of broad interest for thermal storage and management 
applications. For energy dense storage with fast thermal charging/discharging rates, a PCM 
should have a suitable melting temperature, large enthalpy of fusion, and high thermal 
conductivity. To simultaneously accomplish these traits, we custom design nanocomposites 
consisting of phase change Bi nanoparticles embedded in an Ag matrix. We precisely control 
nanoparticle size, shape, and volume fraction in the composite by separating the nanoparticle 
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synthesis and nanocomposite formation steps. We demonstrate a 50 – 100% thermal energy 
density improvement relative to common organic PCMs with equivalent volume fraction. We 
also tune melting temperature from 236 – 252°C by varying nanoparticle diameter from 8.1 – 
14.9 nm. Importantly, the silver matrix successfully prevents nanoparticle coalescence and no 
melting changes are observed during 100 melt-freeze cycles. The nanocomposite’s Ag matrix 
also leads to very high thermal conductivities. For example, the thermal conductivity of a 
composite with a 10% volume fraction of 13 nm Bi nanoparticles is 128 ± 23 W/m-K, which is 
several orders of magnitude higher than typical thermal storage materials. We complement these 
measurements with calculations using a modified effective medium approximation for nanoscale 
thermal transport. These calculations predict that the thermal conductivity of composite’s with 
13 nm Bi nanoparticles varies from 142 to 47 W/m-K as the nanoparticle volume fraction 
changes from 10 to 35%. Larger nanoparticle diameters and/or smaller nanoparticle volume 
fractions lead to larger thermal conductivities. 
KEYWORDS:  metal nanocomposites, solution-phase synthesis, tunable melting temperature , 
high thermal conductivity, phase change material, size-dependent melting 
 
Latent heat thermal storage systems utilize the solid-liquid transition of phase change materials 
(PCMs) to store thermal energy. This results in much higher energy densities than commonly 
used sensible heat thermal storage systems and in turn leads to both material and space savings.1-3 
For instance, the latent heat of ice is equivalent to 80 degrees of sensible heat in water. 
Nevertheless, challenges exist for employing PCMs for effective latent heat thermal storage in 
varying environmental conditions. Commercially used PCMs are mostly organics and salt 
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hydrates, which are limited to applications from 10 °C – 120 °C.4 This is suitable for thermal 
management of buildings5 and typical electronics,6 but is mismatched for higher temperature 
applications such as industrial process heat,7 power electronics thermal management,8 and 
concentrated solar thermal power plants.9 Latent heat storage at elevated temperatures has been 
generally restricted to phase change salts in lab settings,10 whereas industrial practice instead 
focuses on molten salts for sensible heat storage.9, 11 However, salts are prone to corrosion 
problems and also suffer from low thermal conductivity, which in turn leads to slow thermal 
charging/discharging rates. In fact, this issue of low thermal conductivity is common to thermal 
storage materials in general.12-14 The thermal conductivities of organic PCMs and salt hydrates 
range from ~ 0.1 – 1 W/m-K,4 and the thermal conductivity of salts range from ~ 0.5 – 5 W/m-
K.10  
 
Previous efforts to improve the thermal conductivity of PCMs have focused on the use of 
thermally conductive filler materials (e.g. graphite,15 metallic nanoparticles,16 and carbon 
nanotubes17) or foams (e.g. graphite and metal). While fillers are easy to implement, thermal 
conductivity enhancements are unfortunately limited because the fillers do not form a continuous 
structure and the thermal interface resistance between the PCM and fillers is non-negligible. To 
overcome this problem, many researchers infiltrate PCM into thermally conductive foams (i.e. 
metal foam18 and graphite foam19), which have a continuous structure and leads to better thermal 
conductivity improvements. For example, a recent study using a graphite foam – paraffin wax 
composite demonstrated a thermal conductivity of 3.6 W/m-K, which is a 18-fold improvement 
over paraffin.12 The use of foams has been demonstrated for many low melting temperature 
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organic PCMs, however this technique is problematic for high melting temperature PCMs (e.g. 
salt) due to difficulties with the infiltration process and corrosivity.20 
 
To find a PCM that has high thermal conductivity, high melting temperature, and large 
enthalpy of fusion, we turned our focus to metallic materials. Metals have excellent thermal 
conductivities ranging from ~ 10 – 400 W/m-K and a broad range of melting temperatures 
ranging from -40 °C to over 3000 °C. Relative to other PCMs, metals have received little 
attention primarily due to their weight (i.e. poor gravimetric energy density).1, 14 While 
gravimetric energy density is important for mobile applications, many thermal storage 
applications are stationary, and in these cases volumetric energy density is of more importance. 
Hence metallic PCMs could find applications in buildings thermal management, industrial 
process heat, and concentrated solar thermal power plants.  
 
In this paper, we propose the use of composites that consist of phase change metallic 
inclusions distributed in a metal matrix. The phase change inclusions provide the desired melting 
temperature and high volumetric energy density, whereas the matrix provides excellent thermal 
transport and mechanical strength when the inclusions melt. Furthermore, we explore the use of 
phase change nanoparticle inclusions as opposed to phase change macroparticle inclusions. The 
choice of nanoparticles is motivated by the use of size-dependent melting as a new PCM design 
tool. Size-dependent melting is a commonly-observed phenomenon in nanostructures and was 
first predicted by Pawlow.21 Substantial theoretical and experimental efforts have since been 
devoted to explaining the relation between nanoparticle diameter and melting temperature.22-28 
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These fundamental studies inspired us to develop nanoparticle-based PCMs for application 
purposes.  
 
We demonstrate this nanoparticle-based PCM concept by creating composites consisting of 
phase change Bi nanoparticles embedded in an Ag matrix. We first present a solution-phase 
approach to embed high-quality colloidal Bi nanoparticles into a bulk Ag matrix. This approach 
separates the nanoparticle synthesis and composite formation steps, thereby enabling excellent 
control over nanoparticle morphology and volume fraction. This in turn permits control over the 
composite's melting temperature and energy density. We investigate the composite’s thermal 
storage performance by using cyclic differential scanning calorimetry (DSC). Our composite’s 
energy density is 50 – 100% better than composites containing an equivalent volume fraction of 
typical organic PCMs. Furthermore, varying the Bi nanoparticle diameter tunes the 
nanocomposite’s melting temperature from 236 – 252 °C. Importantly, these DSC measurements 
also demonstrate that the silver matrix offers effective protection against coalescence of the Bi 
nanoparticles during melt-freeze cycles. The Ag matrix also greatly improves thermal transport 
in the nanocomposite. Thermal conductivity measurements using the Wiedemann-Franz law29 
demonstrate that our nanocomposite’s thermal conductivity is several orders of magnitude better 
than typical thermal storage materials. We also employ a modified effective medium 
approximation (EMA) for nanoscale thermal transport to calculate the composite thermal 
conductivity over a broad range of nanoparticle diameters and volume fractions.  
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Results and discussion 
Metal Matrix – Metal Nanoparticle Composite Synthesis  
The nanocomposite was prepared by a simple three-step approach: (a) synthesis of colloidal Bi 
nanoparticles, (b) co-dissolution of Bi nanoparticles and Ag precursor in a solvent mixture, and 
(c) heating to thermally decompose the Ag precursor into an Ag matrix. This three-step 
nanocomposite approach enables independent control of nanoparticle size, shape, and volume 
fraction by using a modular technique that separates nanoparticle synthesis from nanocomposite 
formation. Nanoparticle size and shape are controlled by step (a) whereas nanoparticle volume 
fraction is controlled by step (b). The formation of the metal matrix - metal nanoparticle 
composite occurs in the last step, during which the Ag precursor thermally decomposes into an 
Ag matrix that encapsulates the Bi nanoparticles. 
 
The Bi nanoparticles were prepared by a hot injection technique reported by Yarema et al.30 In 
brief, Bi[N(SiMe3)2]3 was used as a Bi precursor and reduced by hexadecylamine at a elevated 
temperature. Size variation was achieved by varying the reaction temperature from 115 to 140 
°C. This synthesis yields Bi nanoparticles with surface-bound hexadecylamine ligands. In order 
to improve colloidal nanoparticle stability, the hexadecylamine ligands were exchanged with 
oleic acid ligands post-synthesis. Figure 1 illustrates the high quality Bi nanoparticles prepared 
by this approach, which exhibit spherical shape, excellent size control, and narrow size 
distribution.  
 
We used silver benzoate as the precursor to create the nanocomposite’s Ag matrix. Silver 
benzoate is an organic silver salt with good solubility in amine solvents and is a well-known 
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silver precursor.31, 32 Thermogravimetric analysis was employed to identify appropriate 
conditions for decomposing this precursor. A temperature ramp of 2 °C/min was performed from 
room temperature to 300 °C, where the sample was kept isothermal for 2 hours and then resumed 
up to 350 °C. As Figure 2a shows, after the isotherm process at 300 °C, the mass reached its final 
value of ~ 47% and no further decrease in mass was observed. This mass ratio indicates that the 
final product is Ag and this conclusion is further corroborated by x-ray diffraction measurements 
(Figure 2b). Together, these results indicate that 300 °C is sufficient to fully decompose the 
silver benzoate. 
 
Prior to nanocomposite formation, the Bi nanoparticles and silver benzoate were mixed in an 
appropriate ratio to yield the desired nanoparticle volume fraction. We note that this step is 
sensitive to solvent choice because the Bi nanoparticles prefer nonpolar solvents whereas the 
silver benzoate prefers mildly polar solvents. We addressed this issue by choosing a miscible 
solvent pair and controlling the concentration of Bi nanoparticles and silver benzoate. Prior to 
mixing, the Bi nanoparticles were suspended in toluene at ~ 1 mg/mL and the silver benzoate 
was dissolved in pyridine at ~ 2 mg/mL. The Bi nanoparticle suspension and silver benzoate 
solution were then combined, stirred for 2 hours, and used promptly. If not used promptly, partial 
precipitation could be observed the following day. We also chose toluene and pyridine as the 
miscible solvent pair because of their similar boiling temperatures, which should help prevent 
phase segregation as the solvent evaporates during the nanocomposite formation step. We note 
that since pyridine is a known ligand for colloidial nanocrystals,33, 34 a potential for ligand 
exchange between oleic acid and pyridine exists during this step. However, we do not believe 
ligand exchange occurs because the Bi nanoparticles with oleic acid ligands are insoluble in 
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pyridine.  Had a ligand exchange occurred, the Bi nanoparticles should be soluble in pyridine 
and our use of a pyridine-toluene solvent pair would be unnecessary. 
 
Composites used for phase change studies were prepared by drop-casting the combined Bi 
nanoparticle – silver benzoate solution, solvent removal at 100°C, and then silver benzoate 
thermal decomposition at 300°C for 2 hours. The results of this nanocomposite formation 
process are shown in Figure 3. The size and shape preservation of the Bi nanoparticles during 
this process is most clearly seen in Figure 3a, which has a low Bi volume fraction. Figure 3b 
shows a composite with a large volume fraction of Bi nanoparticles, which is more 
representative of the composites used for phase change studies (i.e. Figures 4 and 5). To confirm 
the homogeneous dispersion of the Bi nanoparticles throughout the matrix, we imaged a 
composite over a large area and collected chemical composition maps using energy dispersive x-
ray spectroscopy (Figure S1). Nanocomposite pores, which arise due to silver benzoate’s mass 
loss during thermal decomposition, are also visible in Figure S1. 
 
Despite the decomposition temperature of the silver benzoate being above the melting 
temperature of the Bi, we do not observe any alloying between the Bi nanoparticles and Ag 
matrix. This is primarily because the phase behavior of Ag-Bi is such that no compounds form 
between these elements.35 In addition, the solubility of Ag in Bi is negligibly small and the 
solubility of Bi in Ag is only 0.83 at% at 262°C.35 We also believe the oleic acid ligands protect 
the Bi nanoparticles during silver benzoate decomposition. In our past work on Bi nanoparticle 
melting inside polymer matrices,35 Bi nanoparticle melting was only observed after an initial 
“break-in” period at elevated temperature (e.g. 1 hour at 300°C). We presume this is due to the 
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oleic acid ligands stabilizing the Bi surface and temporarily inhibiting melting. Similar surface 
stabilization effects have been observed in other literature such as Pb nanoparticles in Al 
matrices36 and Ag nanoparticles in Ni matrices.37  
  
Unlike typical in situ metal nanocomposite formation techniques (i.e. ball milling,38, 39 melt 
spinning,40, 41 and ion implantation26, 42), our metal matrix - metal nanoparticle composite 
formation technique enables excellent control over particle size, shape, and composition. By 
separating the steps of nanoparticle synthesis and nanocomposite formation, we have enabled 
independent quality control over nanoparticle morphology and facile control over nanoparticle 
volume fraction. This concept of separating nanoparticle synthesis and nanocomposite formation 
has been previously demonstrated to produce nanocomposites with organic matrices43-45, oxide 
matrices 46, 47 and semiconductor matrices.48-50 Herein, we have applied this concept to metal 
matrix nanocomposites. We do note that identifying appropriate metal precursors is not trivial 
because many precursors decompose into metal-oxide instead of metal. This was another reason 
for our choice of a silver matrix; in addition to its favorable phase behavior with bismuth and its 
very high thermal conductivity, it is energetically favorable to form silver over silver oxide due 
to silver’s high reduction potential. By judicious selection of solvents, nanoparticles, and metal 
precursors, we believe this approach can be generalized to other metal nanocomposite chemical 
compositions. Soluble metal precursors that decompose into copper,51, 52 silver,53, 54 gold,55 
palladium56, cobalt,57 and rhodium57  have been identified in the literature.   
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Nanocomposite Melting Temperature and Thermal Energy Storage Density 
To investigate the melting characteristics of our Ag matrix – Bi nanoparticle composites, 
differential scanning calorimetry (DSC) measurements were performed. A representative heating 
and cooling cycle of a nanocomposite containing 13.2 nm Bi nanoparticles is shown in Figure 
4a. One endothermic valley was observed at 246 °C during heating and we attribute this to 
nanoparticle melting. In accordance with size-dependent melting, this melting occurs well below 
the melting temperature of bulk Bi, 271 °C. During cooling, three exothermic peaks were 
observed. The first peak was broad and appeared around 224 °C, where as the second and third 
peak appeared around 137 °C and 93 °C, respectively. We attribute these peaks to three separate 
nanoparticle freezing events because the total energy released is equivalent to the energy 
absorbed during nanoparticle melting; this data suggests that three different nucleation 
mechanisms are present within our nanocomposite. The Bi nanoparticles also exhibit a 
significant amount of supercooling, which could likely be mitigated via surface chemistry 
modification on the nanoparticles.58 The melting and freezing assignments in our nanocomposite 
were corroborated by a control DSC measurement on silver prepared via silver benzoate thermal 
decomposition. No discernible features in the control measurement are observed throughout the 
whole temperature range (Figure S2). In addition to facilitating fast thermal transport, the 
composite’s Ag matrix is also intended to function as a nanoparticle isolation barrier that 
prevents nanoparticle coalescence during melt-freeze cycles. To examine the matrix’s 
effectiveness, we subjected a composite to 100 melt-freeze cycles. As shown in Figure 4b, no 
notable changes in melting temperature or enthalpy of fusion were observed throughout the 
cycles. Note that in Figure 4 we have used the endothermic valley minimum and full width half 
maximum for the melting temperature and melting temperature uncertainty, respectively. 
 11 
 
One benefit of employing nanoparticles as PCM is that the melting temperature can be tuned 
via particle diameter. This design variable provides additional flexibility when engineering the 
working temperature of a PCM. To demonstrate this capability, we prepared twelve composites 
containing 8.1 ± 1.0, 9.8 ± 0.8, 13.2 ± 0.6 and 14.9 ± 0.6 nm Bi nanoparticles. As the 
nanoparticle diameter varied from 8.1 – 14.9 nm, the melting temperature varied from 236 – 
252°C (Figure 4c-d). We also observe a size-dependent enthalpy of fusion that accompanies the 
size-dependent melting temperature; the nanoparticle enthalpy of fusion varied from 20.1 – 37.6 
J/gBi over our range of nanoparticle diameters (Figure 4c-d). Our prior work on Bi nanoparticles 
in polymer matrices showed different ranges of melting temperature and enthalpy of fusion in 
similarly-sized nanoparticles (218 – 240°C and 12.9 – 42.1 J/gBi).45 This indicates that the 
melting temperature and enthalpy of fusion of nanoparticles is a function of both size and 
surrounding environment. Past observations of size-dependent enthalpy of fusion required the 
use of sophisticated nanocalorimetry techniques.59 It is notable that we are able to extract size-
dependent enthalpies of fusion using widely available standard benchtop DSC measurements. 
This is possible because our nanocomposite formation technique yields large sample sizes of 
monodisperse nanoparticles, accurate Bi volume fraction control, and protection against 
nanoparticle coalescence. We now note that this paper discusses two different types of enthalpy 
of fusion. The first one is the gravimetric enthalpy of fusion of the nanoparticle component in the 
composite, which is the enthalpy of fusion discussed above and in Figure 4. In the following 
discussion and Figure 5, we focus on the nanocomposite’s effective volumetric enthalpy of 
fusion. We note that we use nanocomposite mass to deduce nanocomposite volume, and hence 
the volumetric enthalpy of fusions below do not account for porosity effects.  
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The thermal energy storage density of the composite can be controlled independently of 
melting temperature by varying the nanoparticle volume fraction. As shown in Figure 5a, the 
composite exhibits an increase in volumetric enthalpy of fusion as the volume fraction of Bi 
nanoparticles is increased. This enables a simple two-step process for PCM design. First, the 
nanoparticle size is chosen to yield the desired melting temperature. Second, the Bi content is 
varied to yield the desired composite volumetric enthalpy of fusion. We successfully increased 
the Bi nanoparticles volume fraction to ~34% without observing detrimental effects on melting 
temperature (i.e. nanoparticle coalescence during melt-freeze cycling), which indicates that the 
Ag matrix effectively protects to this level of nanoparticle loading (Figure 5a). The Bi volume 
fraction in the nanocomposite was determined by using the relative concentrations of the bismuth 
nanoparticle and silver benzoate solutions. Since the Bi nanoparticle solution contains both the 
nanoparticles and surface ligands, we used a procedure described in our prior work45 to 
determine the nanoparticle solution’s true Bi content. In brief, this procedure works by doing 
cyclic DSC measurements on the Bi nanoparticles in the absence of Ag matrix. During this 
procedure, the nanoparticles coalesce into bulk and melting is observed at the bulk Bi melting 
temperature, 271°C. The Bi mass is then determined by comparing the absorbed energy during 
melting to the bulk Bi enthalpy of fusion (51.9 J/g). Our nanocomposites achieve a ~ 50 – 100% 
enhancement in volumetric energy density relative to composites with an equivalent volume 
fraction of typical organic PCMs (Figure 5b).60 61 However, due to nanoparticle coalescence at 
high nanoparticle volume fractions, the maximum PCM volume fraction in our composites is 
lower than that achievable with organic PCM composites. 
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Nanocomposite Thermal Transport 
Another objective of this nanocomposite design is to facilitate fast thermal 
charging/discharging. Conventional thermal storage materials such as paraffins, salt hydrates, 
and inorganic salts have poor thermal conductivities on the order of 10-1 – 100 W/m-K, which 
lead to poor thermal charging/discharging rates. In contrast, metals have thermal conductivities 
ranging from 101 – 102 W/m-K, which suggests our metal nanocomposite should have superior 
thermal transport performance. To validate this conjecture, we measured the thermal 
conductivity of our nanocomposites using the Wiedemann-Franz law.29  
 
The Wiedemann-Franz law states that the thermal conductivity, k, of metallic materials can be 
related to the electrical conductivity, σ, via the Lorenz number, L, and absolute temperature, T. 𝑘 = 𝐿𝜎𝑇 
For most metals, the Sommerfeld value for the Lorenz number, L0, is a reasonable 
approximation:62, 63  
L0 = 2
22
3e
kBπ = 2.44 × 10-8 WΩK-2 
where kB, and e are the Boltzmann constant and elementary charge, respectively. In general, both 
electrons and phonons conduct heat in solids, and so it should be noted that thermal conductivity 
measurements obtained using the Wiedemann-Franz law approach only contain electron 
contributions.29, 64 However, since the phonon contribution to thermal conductivity in metals is 
negligible, this approach effectively measures the total thermal conductivity in our 
nanocomposites.64 We prepared thin film nanocomposite samples by spin-coating and then 
measured their corresponding electrical conductivity using the Van der Pauw method. The 
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thermal conductivity was then obtained using the Sommerfeld value for the Lorenz number in 
the Wiedemann-Franz law.  
 
We measured the thermal conductivity of nanocomposites containing 13 nm Bi nanoparticles 
with volume fractions ranging from 0 – 10% (Figure 6). The nanocomposite thermal 
conductivity varied from 270 ± 61 W/m-K to 128 ± 23 W/m-K over this range and larger Bi 
nanoparticle volume fractions resulted in lower thermal conductivities. Notably, these thermal 
conductivity values are significantly greater than typical thermal storage materials by several 
orders of magnitude. The thermal conductivity of our nanocomposite with 0% Bi nanoparticles 
corresponds to silver prepared via thermal decomposition of silver benzoate and is approximately 
40% less than literature values for bulk silver. Given that our Ag samples exhibit porosity and 
are nanocrystalline with grain sizes on the order of 100 nm (see Figure S3), this moderate 
decrease in thermal conductivity is reasonable. The uncertainty in nanocomposite thermal 
conductivity was dominated by film thickness uncertainty caused by roughness. Samples with Bi 
nanoparticle fractions greater than 10 vol% were not experimentally measured due to poor film 
quality. We also note that our use of the Sommerfeld value for the Lorenz number assumes that 
the nanocomposite’s electron gas is degenerate and that the electron mean free path is the same 
for both electrical conductivity and thermal conductivity.62, 63 Since Lorenz number deviations of 
up to ~50% from the Sommerfeld value have been reported in the literature,65, 66 our use of this 
value introduces additional uncertainty. Nonetheless, this uncertainty is relatively small given the 
several orders of magnitude improvement in thermal conductivity of our nanocomposites. 
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The nanocomposite thermal conductivity decreases from 215 ± 51 W/m-K to 128 ± 23 W/m-K 
as the volume fraction of 13 nm Bi nanoparticles increases from 2% - 10%. This thermal 
conductivity trend arises due to two different effects. The first effect is that increasing 
nanoparticle volume fraction decreases the thermal conductivity of the Ag matrix itself. This 
arises because the nanocomposite’s interface density is commensurate with the mean free path of 
the thermal energy carriers in the Ag phase (i.e. ~ 33 nm, see Supporting Information). These 
interfaces act as scattering sites, which leads to smaller effective mean free paths in the Ag and 
lower Ag thermal conductivities. The second effect causing this thermal conductivity trend is 
that the volume fraction of the highly-conductive Ag component decreases as the nanoparticle 
volume increases. It should also be noted that due to the finite thermal interface conductance 
between the Ag and Bi, the Bi nanoparticles contribute a negligible amount to the overall 
nanocomposite thermal conductivity. Based on experimental data for similar interfaces,67, 68 we 
estimate that the thermal interface conductance between the Bi nanoparticles and the Ag matrix 
is 34 MW/m2-K (this value is lower than typical metal-metal interface conductances69 due to the 
presence of organic ligands at the Bi-Ag interface). For reference purposes, an interface 
conductance can be converted into an equivalent film thickness by dividing the film’s thermal 
conductivity by its thickness. In the case of our nanocomposite, the interface conductance 
between the Bi nanoparticles and Ag matrix is equivalent to a 7.9 µm thick Ag film. 
Consequently, the nanocomposite’s thermal conductivity is dominated by the thermal 
conductivity of the monolithic Ag matrix and smaller Ag matrix volume fractions directly lead to 
small thermal conductivities.   
 
 16 
To further explore the effects of nanoparticle size and volume fraction on the nanocomposite 
thermal conductivity, we utilize a modified effective medium approximation (EMA) that 
accounts for nanoscale thermal transport effects. The conventional EMA approach is invalid for 
nanostructured materials because large interface densities lead to enhanced scattering of thermal 
energy carriers. This scattering leads to thermal conductivity changes in the nanocomposite as 
well as the individual nanocomposite constituents themselves. The modified EMA approach 
suggested by Minnich and Chen70 addresses this issue by accounting for interface density when 
estimating the mean free path of thermal energy carriers. Using their modified EMA approach, 
they obtained good agreement with more sophisticated Monte Carlo calculations on 
nanocomposite thermal conductivity. Recently, Ong et al.71 successfully applied this approach to 
fit experimental thermal conductivity data on nanocrystal arrays comprised of nanoparticles with 
similar structure to the nanoparticles in our work. Consequently, we believe this modified EMA 
method should provide reasonable predictions for the thermal conductivity of our 
nanocomposites. Note that the original work by Minnich and Chen70 focused on thermal 
transport via phonons. Since our nanocomposites are metallic, the predominant heat carriers are 
free electrons instead of phonons and we have adapted our calculations to account for this. We 
neglect the phonon contribution to thermal conductivity because it is typically three orders of 
magnitude smaller than the electron contribution in metals. Additional calculation details can be 
found in Supporting Information. 
 
Figure 6 directly compares our modified EMA calculations with our experimental 
measurements. Given our measurement uncertainty, these results are in reasonable agreement. 
These calculations indicate that our nanocomposites with ~35 vol% Bi (i.e. the highest volume 
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fraction for which melting point depression could be maintained) have a thermal conductivity of 
approximately 33 to 52 W/m-K for nanoparticle diameters from 8 to 15 nm. Changing the Ag-Bi 
thermal interface conductance and/or the Bi nanoparticle thermal conductivity by several orders 
of magnitude in the EMA calculations had negligible effects on the nanocomposite thermal 
conductivity (see Supporting Information). This supports our above assertions that the dominant 
factors causing the nanocomposite thermal conductivity trend for increasing Bi nanoparticle 
volume fraction are decreases in Ag thermal conductivity and Ag volume fraction. These 
modified EMA calculations also indicate that smaller Bi nanoparticle diameters lead to smaller 
nanocomposite thermal conductivities. This can be understood by realizing that for equivalent 
volume fractions, the Ag-Bi interface density increases as the Bi nanoparticle diameter 
decreases. This increased interface density causes the effective mean free path in the Ag matrix 
to decrease and consequently the thermal conductivity of the Ag matrix itself decreases as 
nanoparticle diameter decreases. Overall, our combined thermal conductivity calculations and 
modified EMA calculations indicate that our nanocomposite thermal conductivity is on the order 
of 101 – 102 W/m-K, which is several orders of magnitude better than typical thermal storage 
materials (e.g. 10-1 – 100).4, 10 This increased thermal conductivity improves thermal energy 
storage performance via significantly faster thermal charging/discharging times 
 
Conclusion 
We have created nanocomposites that consist of phase change Bi nanoparticles embedded in 
an Ag matrix. Our nanocomposite formation approach enables excellent control over 
nanoparticle size, shape, and volume fraction, and can likely be generalized to other metal matrix 
– metal nanoparticle compositions. Using these Ag matrix – Bi nanoparticle composites, we have 
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experimentally demonstrated PCMs with tunable melting temperatures and large thermal energy 
densities. The Ag matrix preserves the nanocomposite structure during melt-freeze cycles and 
enables excellent thermal conductivities. Thermal conductivity measurements and modified 
EMA calculations indicate that our nanocomposite thermal conductivity is on the order of 101 – 
102 W/m-K, which is several orders of magnitude better than typical thermal storage materials. 
Overall, this metal matrix – metal nanoparticle composites represents a new paradigm for PCMs 
that can be used for thermal storage and management applications.  
 
Materials and Methods 
Materials and Equipment: All reagents and solvents were purchased from Sigma Aldrich. Sample imaging was 
done with transmission electron microscopy (TEM, Tecnai F20) and scanning electron microscopy (SEM, Nova 200 
NanoLab FEI). The X-ray diffraction was taken on high resolution x-ray diffractometer (XRD, PANALYTICAL 
X’PERT PRO), with CuKα X-ray source operating at 40 kV and 40 mA. The thermogravimetric analysis and 
differential scanning calorimetry were performed using a TA Instruments Q500 TGA and TA Instruments Q20 
DSC. Elemental analysis was carried out by energy dispersive spectroscopy (EDS, EDAX). The masses of 
nanoparticles and nanocomposites were determined using a Mettler Toledo UMX2 Ultra-Microbalance. Thin film 
conductivity measurements were performed with a Keithley 2400 sourcemeter and film thicknesses were determined 
by profilometry (Dektak XT stylus profilometer). Unless otherwise indicated, all samples were prepared and stored 
in an air-free environment. Samples were exposed to air for brief periods when using the above instruments.  
Bi Precursor Synthesis: Bi[N(SiMe3)2]3 is a metal silylamide and was used as the Bi precursor in this work. This 
precursor was prepared by reacting BiCl3 and Li[N(SiMe3)2] at 0 °C for 2 hours.30 In a typical synthesis, two 
solutions were prepared in a nitrogen filled glovebox: 1) 3.34 g of Li[N(SiMe3)2] dissolved in 40 mL diethyl ether, 
and 2) 2.10 g BiCl3 dissolved in a mixture of 40 mL diethyl ether and 10 mL tetrahydrofuran (THF). Solution 1 was 
firstly added into the flask and cooled down to 0 °C with an ice bath. Solution 2 was then added drop-wise to the 
flask and reacted for 2 hours. After 2 hours, the reaction mixture was a non-transparent yellow color and was then 
filtered through a PTFE filter (pore size 200 nm). The resulting bright yellow solution was dried under vacuum for 1 
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hour, and then redissolved in 15 mL of anhydrous pentane. The solution was again filtered and dried under vacuum 
for another 2 hours. The final product Bi[N(SiMe3)2]3 was a yellow powder and stored in a nitrogen-filled glovebox 
for future use.  
Bi Nanoparticle Synthesis: In a typical 13 nm Bi nanoparticle synthesis, 20 g of hexdecylamine (HDA) was 
loaded into a three-neck flask and degassed before heating to 130 °C. At this temperature, two solutions were 
injected into the flask with a time interval of 15 seconds between injections. The first solution was 100 µL of 1 M 
Li(Et3BH) in THF and the second was 0.14 g Bi[N(SiMe3)2]3 and 0.17 g Li[N(SiMe3)2] co-dissolved in 2 mL of 
toluene. 15 seconds after the 2nd injection, the flask was swiftly removed from the heating mantle and cooled using a 
water bath. During cooling, 20 mL toluene was injected into the reaction mixture to prevent the HDA from 
solidifying. Once the temperature dropped to 40 °C, the flask was disconnected from the schlenk line and the 
cleaning process was done in air. The Bi nanoparticles were isolated from the mixture by precipitating with a 1:1 
addition of ethanol and centrifuging at 3000 rpm for 5 minutes. It should be noted that this synthesis yields Bi 
nanoparticles with surface-bound HDA ligands. We switched these HDA ligands for oleic acid ligands immediately 
after the first precipitation, which led to improved colloidal nanoparticle solution stability. The Bi nanoparticles 
were further cleaned three times by precipitating with ethanol and finally suspended in toluene. 
Nanocomposite Formation: The nanocomposites were prepared in three steps. First, the Bi nanoparticles were 
synthesized as described above. The nanoparticles were further cleaned by additional precipitations with ethanol and 
then dissolved in toluene with a concentration of ~ 1 mg/mL. A fresh silver precursor solution was prepared by 
dissolving silver benzoate using pyridine and stirring overnight. The concentration of silver benzoate solution was ~ 
2 mg/mL. Second, an appropriate amount of Bi nanoparticle suspension and silver benzoate solution were combined 
to yield the desired Bi nanoparticle volume fraction and this combined solution was stirred for an additional 2 hours. 
This combined solution was then filtered through a PTFE filter and drop-cast on appropriate substrates (e.g. DSC 
pan or TEM silicon nitride window). Finally, the cast film was thermally annealed in two steps: 100 °C for 1 hour 
and then 300 °C for 2 hours in a nitrogen atmosphere.  
DSC Measurements: All DSC samples were prepared by drop-casting an appropriate amount of Bi nanoparticle – 
silver benzoate combined solution into an aluminum DSC pan. The sample was then subjected to a two-step thermal 
anneal in a nitrogen atmosphere as described above. During DSC experiments, all samples were heated and cooled 
between 0 °C to 300 °C at a rate of 10 °C/min for at least 15 cycles. 
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Thermal Conductivity Measurements: The thermal conductivity measurements were carried out by first 
measuring electrical conductivity using the Van der Pauw method and then converting this electrical conductivity 
into a thermal conductivity using the Wiedemann-Franz law.29 Samples for thermal conductivity measurements were 
prepared on silicon substrates by spin coating 100 µL of solution at 1500 rpm. The film was then heated sequentially 
at 100 °C and 350 °C. In some instances this deposition process was repeated to yield an appropriate film thickness. 
Final film thicknesses were typically 200 - 600 nm.  
TEM sample preparation and particle size determination: All Bi nanoparticle TEM samples were prepared by 
drop-casting 50 µL of a dilute nanoparticle suspension onto a carbon film supported copper TEM grid. The 
nanoparticle diameter was determined with ImageJ by analyzing a representative TEM image containing 100 - 200 
Bi nanoparticles. The diameter uncertainties in manuscript represent the standard deviation of the nanoparticle 
diameters. The nanocomposite TEM samples were prepared by drop-casting a dilute combined solution of Bi 
nanoparticles and silver benzoate onto a Si3N4 window and then annealed as described in the nanocomposite 
formation section above.  
 
Supporting Information Available 
This material contains additional details on the modified effective medium approximation 
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conductivity. This material is available free of charge via the Internet at http://pubs.acs.org. 
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Figure 1. Transmission electron microscopy images of the Bi nanoparticles used to create the Ag 
matrix – Bi nanoparticle composites. The nanoparticle diameters are (a) 8.1 ± 1.0 nm, (b) 9.8 ± 
0.8 nm, (c) 13.2 ± 0.6 nm and (d) 14.9 ± 0.6 nm. (e) X-ray diffraction pattern of Bi nanoparticles 
with 13.6 nm diameter. 
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Figure 2. (a) Thermogravimetric analysis on silver benzoate. The temperature ramp rate was 
2°C/min and a 2 hr isotherm was applied at 300°C. (b) X-ray diffraction pattern of silver made 
via the thermal decomposition of silver benzoate. 
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Figure 3. (a) TEM image of a Bi-Ag nanocomposite with a low Bi nanoparticle volume fraction. 
(b) TEM image of a Bi-Ag nanocomposite with a high Bi nanoparticle volume fraction. 
 28 
 
 
Figure 4. (a) A heating and cooling DSC cycle for a composite with Bi nanoparticles (NPs) of 
13.2 nm diameter. (b) Melting characteristics of a composite with 13.2 nm Bi nanoparticles 
throughout 100 thermal cycles. (c) The endothermic melting valley during DSC measurements 
on composites with different Bi nanoparticle diameters. For clarity, the data in part (c) has been 
offset along the vertical axis; each tick mark represents 0.2 W/g. (d) Size-dependent melting 
temperature (triangles) and enthalpy of fusion (circles) for the Bi nanoparticles. All 
nanocomposites in part (a), (b), (c), and (d) have a similar nanoparticle volume fraction of 
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approximately 0.20 – 0.25. We note that the large error bars for melting temperature in (b) and 
(d) arise from our use of the endothermic valley's full width half maximum for the measurement 
uncertainty. We use the endothermic valley location as the melting temperature, and these 
variations were insignificant as seen in part (b). 
 
 
Figure 5. (a) The endothermic melting valley during DSC measurements on composites with 
13.2 nm diameter Bi nanoparticles and varying Bi volume fraction. For clarity, the data in part 
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(a) has been offset along the vertical axis; each tick mark represents 0.5 W/cm3. (b) The effective 
volumetric energy density for composites containing 13.2 and 14.9 nm Bi nanoparticles with 
varying Bi nanoparticle volume fractions. For comparison, two common organic phase change 
materials, P116 paraffin wax and myristic acid, are also shown.  
 
 
Figure 6. Nanocomposite thermal conductivity measurements using the Wiedemann-Franz (W-
F) law and thermal conductivity calculations using the modified effective medium approximation 
(EMA) for varying nanoparticle (NP) diameter and volume fraction. 
 
